We report measurements of the frequency and temperature dependence of ferromagnetic resonance (FMR) for a 15-nm-thick yttrium iron garnet (YIG) film grown by off-axis sputtering. Although the FMR linewidth is narrow at room temperature (corresponding to a damping coefficient α = (9.0 ± 0.2) ×10 −4 ), comparable to previous results for high-quality YIG films of similar thickness, the linewidth increases strongly at low temperatures, by a factor of almost 30. This increase cannot be explained as due to two-magnon scattering from defects at the sample interfaces.
Yttrium iron garnet (Y 3 Fe 5 O 12 , YIG) thin films are of considerable interest for applications in spintronics and magnonics, since YIG can have one of the lowest damping coefficients of any magnetic material at room temperature.
1 High-quality films of YIG and related garnets with thicknesses on the 10's of nm scale and below can be grown by pulsedlaser deposition (PLD), 2-9 off-axis sputtering, [10] [11] [12] [13] [14] and molecular-beam epitaxy (MBE).
15
Ferromagnetic resonance (FMR) measurements at room temperature for films grown by all of these techniques show that the FMR linewidth increases with decreasing film thickness, and the frequency dependence of the linewidth has a nonlinear functional form for very thin films. 2, 15, 16 This behavior has been attributed to two-magnon scattering at the film interfaces that becomes increasingly dominant as the film thickness decreases.
17,18
We are interested in extending the use of ultra-thin YIG films to cryogenic temperatures, for example so that we can use scannning SQUID microscopy 19 to study the manipulation of YIG devices by spin-orbit torques. 20, 21 In the course of this work we have found that even apparently high-quality YIG films, which possess small FMR linewidths at room temperature, can have linewidths that increase dramatically with decreasing temperature. The 15 nm YIG film featured in this paper has a linewidth that increases by a factor of 28 as the temperature is lowered from room temperature to 25 K. The linewidth of this thin YIG film also shows an increasingly nonlinear frequency dependence as the temperature is lowered.
We argue that these strong temperature dependencies cannot be explained by two-magnon scattering from the YIG interfaces. Instead, we suggest that the increased linewidth at low temperature is due to magnetic damping associated with impurity mechanisms that have been studied previously in bulk YIG samples.
1,22-24
We grow our YIG films by off-axis sputtering 10,11,14 on a (111)-oriented gadolinium gallium garnet (GGG, Gd 3 Ga 5 O 12 ) substrate (see details in supplementary material). We measure the FMR response using a broadband coplanar waveguide with simultaneous field and power modulation. 15 The waveguide is installed in a continuous-flow He cryostat for temperaturedependent studies. Figure 1 two-magnon scattering from defects at the interfaces of the YIG film, but as we will argue below this mechanism cannot explain the very strong variations with temperature. We will instead argue that these changes can be accounted for by impurity relaxation within the YIG film.
We can obtain greater sensitivity in the FMR experiments, and thereby extend our study to temperatures lower than 37 K, by performing measurements in an X-band cavity. This comes at the cost of operating at fixed frequency (9.4 GHz). We perform background subtraction using in-and out-of-plane measurements in the cavity, as described in the supplementary material. Figure 4 shows the T dependence of the FMR linewidth in these cavity measurements, with a comparison to the broadband coplanar waveguide results. (The waveguide values are interpolated from measurements at 9 and 10 GHz.) We find excellent quantitative agreement between the two types of measurements. The cavity measurements reveal that ∆H has a maximum near 25 K, with a clear decrease at lower temperatures. The maximum linewidth is 28 times larger than the room temperature result at this frequency.
In order to evaluate possible mechanisms for these very strong changes in linewidth with temperature, we must first characterize how the magnetic anisotropy in the YIG film varies with temperature. We do this based on the measured FMR resonance fields, fitting to the Kittel equation for a magnetic thin film with an in-plane magnetic field
Here γ is the gyromagnetic ratio, H r is the in-plane resonance field for a given fixed frequency f , and 4πM eff parameterizes the shape anisotropy and any additional contributions to the perpendicular magnetic anisotropy. We obtain good fits (see Fig. 5 (a)) with no additional in-plane anisotropy contribution. In Eq. (1) we do not include a renormalization shift in the resonance frequency that can result from two-magnon scattering because this is small on the scale important to our analysis. 17, 18 We also neglect a small shift in resonance field that can arise from a static dipole interaction between the YIG and the paramagnetic GGG substrate
28,29 because this is also small, less than a 1% shift for temperatures above 15 K (see the supplementary material). The values of 4πM eff we obtain from the fits to Eq. (1) at different temperatures are shown in Fig. 5(b) . We find that 4πM eff is significantly larger than the simple shape anisotropy generated by the YIG saturation magnetization, 4πM s 
Given this characterization of H s (T ), we can now evaluate whether two-magnon scattering from surface defects, a mechanism that is expected to be active for ultra-thin YIG films at room temperature, 2,15 is capable of explaining the large increase in the linewidth ∆H that we observe at low temperature. This effect causes a linewidth that is nonlinear with frequency f , following the form
where ω = 2πf and ω 0 = γ4πM eff (T ). The temperature dependence in this equation is dominated by the scattering coefficient Γ(T ), whose expected temperature dependence 17 is
2 . Given our determination of H s (T ) above (using M eff from H r fits as a worst-case scenario), the temperature dependence expected from the two-magnon scattering mechanism is illustrated by the red line in Fig. 4 . This mechanism can explain at most a factor of 4 increase in the linewidth as the temperature is reduced from 300 to 0 K, far less than the factor of 28 that we observe. It also is incapable of explaining the peak in ∆H we measure near 25 K. Similar conclusions follow if one assumes
together with our VSM measurements of M s (T ).
An alternative mechanism that can account for a much stronger temperature dependence for ∆H is impurity relaxation, for example due to rare earth or Fe 2+ impurities in the YIG film. Researchers in the 1960's produced a rich body of literature which shows that the linewidth in bulk YIG samples can increase dramatically at low temperatures when impurity relaxation is active. 1, [22] [23] [24] 33 The frequency and temperature dependence of ∆H in our samples can be explained well using a model of slowly-relaxing impurities. 1, 24, 34 The contribution to the linewidth from this mechanism is expected to have the form
where A(T ) is a frequency-independent prefactor and τ is a temperature-dependent time constant. The lines in Fig. 3 are fits assuming that the linewidths are governed by this functional form plus a linear-in-frequency temperature-independent background contribution equal to the room-temperature dependence ( Fig. 1(c) ). The fit parameters are shown in the supplemental material. The maximum near 25 K in the temperature dependence of ∆H slowly-relaxing impurity model to the condition ωτ ≈ 1.
In conclusion, even when a YIG film has a narrow linewidth at room temperaure indicating an apparently high-quality film, the linewidth can still increase dramatically at low temperature, by well over an order of magnitude. This is generally undesirable. For example, this will make manipulation of YIG films by anti-damping spin-transfer torques much less efficient at low temperature, and may block it entirely for practical purposes. Based on measurements of the temperature and frequency dependence of the effect, we suggest that the increased low-temperature linewidth is due to slowly relaxing impurities, perhaps rare earth or Fe 2+ impurities introduced during growth.
1 Given the high degree of sensitivity of the low-temperature linewidth to these impurities, we suggest that the low-T linewidth can serve as a useful figure of merit for optimizing growth protocols for ultra-thin YIG films.
SUPPLEMENTARY MATERIAL
See the supplementary material for detailed information on the YIG growth by off-axis sputtering, saturation magnetization and substrate susceptibility, broadband and cavity measurement systems, resonance field shift from substrate dipolar fields, thickness dependence of the linewidths, and fitting parameters extracted from the frequency dependence of the linewidths. 
